In vivo imaging of the native substances, including lipoproteins, that comprise human atherosclerotic plaques is currently beyond the scope of any available imaging techniques. Color and near-infrared fluorescent angioscopy (CFA and NIRFA, respectively) systems have been recently developed for molecular imaging of lipoproteins within the human coronary arterial wall ex vivo and/or in vivo. The author reviews recent findings on lipoprotein deposition in human coronary plaques obtained by these imaging techniques. Recent Findings: Using specific biomarkers, native pro-atherogenic substances such as oxidized lowdensity lipoprotein (ox-LDL), LDL, triglycerides (TG), apolipoprotein B-100 (ApoB-100), and lysophosphatidylcholine (LPC), and the anti-atherogenic substance such as high-density lipoprotein (HDL) were visualized by CFA, and LDL and cholesterol by NIRFA, in coronary plaques obtained from autopsy subjects. The relationship between incidence and plaque morphology differed for each substance. The incidence of ox-LDL and LDL on color fluorescence microscopy correlated well with that observed using immunohistochemical techniques. During coronary catheterization in patients, ox-LDL, LDL, and HDL in coronary plaques were visualized by CFA or NIRFA. Conclusions: Using CFA or NIRFA, the distribution of the major native pro-atherogenic and antiatherogenic lipoproteins and their components within human coronary plaques can be evaluated ex vivo and/or in vivo. Fluorescent angioscopy could help our understanding of the molecular mechanisms of coronary atherosclerosis and in the evaluation of the effects of therapy targeting the substances comprising atherosclerotic coronary plaques.
cortex is composed of lysophosphatidylcholine (LPC), free cholesterol, and Schiff base derived by the oxidation of apolipoprotein B, and the core is composed of triglycerides (TG), cholesteryl esters, and proteins. LPC itself is a pro-inflammatory substance and plays a critical role in the atherogenic activity of ox-LDL. It is generated by lipoprotein-associated phospholipase A2 [5] [6] [7] [8] . Apolipoprotein B-100 (ApoB-100) is a major protein of LDL 9) . Serum levels of Apo B-100 are elevated in patients with type 2 diabetes mellitus 10) as well as in those with coronary artery disease 11) . The Apo B-100 level and Apo B-100/Apo A-1 ratio predict not only coronary artery disease 12) but also other cardiovascular diseases 13) and metabolic syndrome
Introduction
Oxidized low-density lipoprotein (ox-LDL), which is formed by the oxidation of LDL, plays an important role in the initiation, progression, and destabilization of atherosclerotic coronary plaques 1, 2) . As its counterpart, high-density lipoprotein (HDL), an important anti-atherogenic substance, plays a key role in reverse cholesterol transport and is considered to inhibit the progression, and enhance the regression of atherosclerosis 3, 4) . Structurally, ox-LDL has a cortex and a core. The Copyright©2017 Japan Atherosclerosis Society This article is distributed under the terms of the latest version of CC BY-NC-SA defined by the Creative Commons Attribution License.
or visualization of these native substances in the atherosclerotic plaque itself is currently beyond the scope of any available imaging technology used in patients. If they could be made visible in vivo, the initiation, progression and destabilization of plaques, and the effects of medical and interventional therapies could be objectively evaluated.
Based on the pathophysiology of atherosclerosis, both in vitro and in vivo animal studies and clinical trials have used different tracers including fluorescent probes, in plaque imaging studies, but most of these tracers are still not clinically applicable 18, 19) . Invasive optical coherence tomography (OCT) is used for coronary plaque imaging and can visualize macrophages 20, 21) . Near-infrared spectroscopy (NIRS) is also used for coronary plaque imaging in patients 22) . Although lipids as a whole can be imaged, distinguishing individual components is beyond the scope of these imaging techniques. Using magnetic resonance imaging or computed tomography for lipid imaging has also been attempted, but their clinical utility is not yet established 23, 24) . Although invasive, angioscopy is a clinically established high-resolution imaging technique that enables direct, colored, and three-dimensional imaging of the coronary arterial wall. Fluorescent angioscopy (FA), both color and near-infrared, have been recently developed using low-molecular weight substances that selectively bind to individual molecules and present a specific fluorescent color for imaging of the molecular components of human coronary plaques not only ex vivo but also in vivo ( Table 1) [25] [26] [27] [28] . Dyes such as Evans blue (EB), Nile blue (NB) or Indocyanine green (ICG), Fast green (FG), Trypan blue (TP), and 3-amino-4-hydroxy-5-nitrobenzenesulfonic acid monohydrate (3-ANA) will evoke fluorescence specific for ox-LDL, LDL, HDL, LPC and TG, respectively, all known components of plaque but to date only measurable in serum.
Because, to our knowledge, systematic imaging of the native lipoproteins and their constituents in the human coronary arterial wall has not been performed until now and because the new FA systems might be unfamiliar to many clinicians, the FA systems and their use, focusing on our findings are described in this article.
Fluorescent Angioscopy System

Color Fluorescent Angioscopy (CFA)
The CFA system consists of a fluorescence-excitation unit, an angioscope, a fluorescence-emission unit, and a camera. The fluorescence-excitation unit is composed of a mercury-xenon lamp and 7 sets of band-pass filter (BPF) discs, exchangeable by rotation for the selection of the desired wave length of light ranging from 320 to 760 nm. Another without a filter is used to irradiate white light during conventional angioscopy. The angioscope (modified VecMover, Clinical Supply Co, Gifu, Japan) comprises a 2.5-F fiberscope and a 5-F guiding balloon catheter. It has been approved for clinical use by the Japanese Ministry of Health and Labor and Welfare, and is widely used clinically in Japan.
The fluorescence-emission unit has 7 sets of dichroic membrane and 7 sets of band-absorption filter (BAF) discs, which receive light wavelengths ranging from 360 to 880 nm, and is connected to a 3CCD digital camera (C7780, Hamamatsu Photonics, Hamamatsu, Japan). The obtained images are dis- played on a computer screen through a camera controller (C7780, Hamamatsu Photonics).
To observe the vascular lumen, the light and image guides those are incorporated in the angioscope are connected to the excitation and emission units, respectively. After selecting the desired BPF and BAF, the light is irradiated through the BPF and the light guide towards the target. The evoked fluorescence is received by the digital camera through the DM and BAF for successive three-dimensional imaging. The details of this CFA system are described elsewhere 29) .
Principles for Fluorescent Imaging
To determine the localization of the target substance within the arterial wall, it is necessary to visualize (image) both the target substance and the substances that comprise the arterial wall, i.e., intima and media. Because collagen fibers that mainly contain collagen I are the major constituent of the intima, while smooth muscles the media, light wavelengths for BPF and BAF were searched for collagen I and smooth muscles. As a result, it was found that a pair of BPF of 345 15 nm and a BAF of 420 nm ("A" imaging), and a pair of 470 20 nm BPF and a BAF of 515 nm ("B"-imaging) elicit a blue and a green fluorescence of collagen I and smooth muscles, respectively. Using these pairs of filters, a biomarker that elicits fluorescence characteristic of the target substance was searched. The cut filter, which cuts the fluorescence other than the target substances, was not used in order to simultaneously image the target substance, collagen I, and smooth muscles for the determination of the location of the target substance ( Fig. 1) .
Near-infrared Fluorescent Angioscopy (NIRFA) System
For NIRFA, a 710 25 nm BPF and a 780-nm BAF are used for the visualization of the target substance alone because NIRF is monochromatic and it is difficult to distinguish the target substance and those that constitute the arterial wall. For NIRFA, the color CCD camera is replaced by an intensified CCD camera (C3505, Hamamatsu Photonics) 26) . (Fig. 2) 
Fluorescence of the Major Substances Comprising Atherosclerotic Plaques Examined by Color Fluorescent Microscopy ( C F M ) o r N e a r-I n f r a r e d F l u o r e s c e n t Microscopy (NIRFM) Using Biomarkers
CFM
Using a fluorescent microscopy (Olympus Co, Tokyo) with BPF and BAF for "A" and "B" imaging, the following results were obtained.
EB is clinically used for the evaluation of coronary, pulmonary, aortic, and peripheral vascular lesions 30, 31) , and the inhibitory effects atherosclerosis A light with a desired wave length is formed by passing white light through a band-pass filter (BPF) to radiate the target substance, and fluorescence that is exhibited by the target substance is selected through a band-absorption filter (BAF). A cut filter is set behind the BAF to image the fluorescence of the target substance alone (upper half ), but the cut filter is not set to image fluorescence of both the target substance and other substances (lower half ).
are proven 32) . When used as a biomarker, it evokes violet or reddish-brown fluorescence of ox-LDL with "A" or "B" imaging, respectively. A combination of these fluorescent colors is characteristic of ox-LDL only 25, 33) . NB has been used as an electromechanical biosensor of DNA 34) . This dye elicits brown fluorescence of LDL and golden fluorescence of ApoB-100 with "B" imaging 35, 36) . FG elicits a brown fluorescence of HDL and a red fluorescence of LDL and LPC with "B" imaging 37, 38) . 3-ANA elicits a dark-brown fluorescence of TG with "A" imaging 39) . TB, which was clinically used as a treatment for Trypanosoma parasitemia 40, 41) , elicits a red fluorescence of LPC with both "A" and "B" imaging. Because these distinctive fluorescent colors are not exhibited by any other major substances comprising atherosclerotic plaques, they can be used to identify the aforementioned substances.
NIRFM
LDL exhibits a NIRF in the presence of ICG 42) . Cholesterol, cholesteryl esters, and calcium phosphate individually do not exhibit NIRF but do so in the presence of -carotene, which is known to co-deposit with lipotropic substances in atherosclerotic lesions. The other substances in atherosclerotic plaques do not show this characteristic 26) .
Molecular Imaging of Lipoproteins and Their Components by CFA and CFM in Human Coronary Plaques Ex Vivo
Lipoproteins
In an ex vivo study, not only yellow plaques without necrotic core (NC) (mature stage of plaque) and yellow plaques with NC (end stage of maturation) but also white plaques (growth stage of plaque) identified by conventional angioscopy 29) frequently showed violet fluorescence with "A" imaging, and reddish-brown fluorescence with "B" imaging, after the intracoronary administration of EB, indicating the existence of ox-LDL (Fig. 3) . The distribution of this fluorescence was patchy or diffuse.
With the CFM scan of coronary luminal surface, ox-LDL frequently exhibited patchy or diffuse deposition pattern in white plaques and yellow plaques without NC (Fig. 4-A-1, A-2) , and frequently a web-like deposition pattern in yellow plaques with NC ( Fig. 4- 
B-1, B-2).
With CFM scan of the transected surface, ox-LDL frequently deposited in the superficial layer in normal segments (Fig. 5-A, A-1) , in deep layers in white plaques and in both layers in yellow plaques without NC (Fig. 5-B, B-1; C, C-1) , disseminated within NC (Fig. 5-D, D-1 ) 25, 33) . The findings suggested that ox-LDL is formed in the superficial layer or entered from the lumen into the coronary intima in normal segments, formed or entered from the adventitia in white or yellow plaques without NC.
By CFA, the brown fluorescence of LDL elicited by NB was observed in both normal coronary seg- ments and plaques that were classified by conventional angioscopy. LDL deposited alone or co-deposited with ApoB-100 35) . The brown fluorescence of HDL evoked by FG showed a diffuse or patchy deposition or there was codeposition with the red fluorescence of LDL and/or LDL in a mosaic pattern (Fig. 6 ) 37, 38) . 
Substances That Comprise Lipoproteins
Visualization of TG, a major component of the core of ox-LDL and LDL, was successful with "A" imaging by CFA and CFM. TG predominantly deposited in the fibrotic portions of plaque without lipid deposition but not in lipid-laden portions (Fig. 7) 39) . ApoB-100 as visualized by golden fluorescence was found to be distributed alone or co-distributed with LDL ( Fig. 8) 
36)
. The red fluorescence of LPC with both "A" and "B" imaging was elicited after the administration of TB to both white and yellow plaques detected by conventional angioscopy 27) .
Relationship Between the Incidence of Lipoproteins and Their Components and Plaque Morphology
The percentage (%) incidence of ox-LDL observed by CFA and CFM was low in normal segments, increased in white plaques (growth stage), and further increased in yellow plaques without NC (mature stage) but decreased in yellow plaques with a NC (end-stage of maturation), indicating that ox-LDL deposition developed with plaque growth and further increased with plaque maturation but decreased in the end-stage of maturation (Fig. 9) . The incidence obtained using CFA was not significantly different from that with immunohistochemical staining, indicating the reliability of CFA in imaging ox-LDL (Fig. 10 ) 33, 43) . The mechanisms by which ox-LDL decreases in the end-stage of maturation are obscure. Possibly, it is metabolized or replaced by other substances such as debris. The incidence of LDL was low, showed a tendency to increase with plaque growth but decreased in mature stage (Fig. 9) , and there was no significant difference between CFA and immunohistochemical staining (Fig. 10) 35, 43) . The incidence of HDL studied using FG as a biomarker increased with plaque growth but decreased in the mature stage (Fig. 9) , whereas by immunohistochemical staining, HDL increased in the mature stage (Fig. 10 ) 38, 43) . Because FG also elicited red fluorescence of LDL/LPC, it is conceivable that the brown fluorescence of HDL was masked by that of LDL/ 
LPC.
The incidence of TG using 3-ANA as a biomarker was highest in normal segments and decreased with plaque growth and plaque maturation (Fig. 9) . Because TG was deposited in the plaques where lipids (cholesterol and/or cholesterol esters) did not deposit (Fig. 7-D, E) , this finding suggest that TG deposition was inhibited by the lipids.
The incidence of ApoB-100 was low in any stage of plaque. LPC imaged using TB as a biomarker showed a tendency to increase with plaque growth, but the increase was not statistically significant (Fig. 9) .
The difference in incidence between the mature stage and end stage of maturation was not compared in other substances than ox-LDL and TG. The incidence examined by CFM showed a tendency to be higher than with CFA for ox-LDL, HDL, TG, and ApoB-100. Because the depth of imaging by CFA is limited to 200 µm 25) , substances located deeper than this are not visualized.
Imaging of other important apolipoproteins such as Apo A-1 and E, phenotypes of lipo and apolipoproteins and their oxidized forms has not been performed because they currently do not have specific biomarkers.
Molecular Imaging of Lipoproteins in
Coronary Plaques by NIRFA Ex Vivo Native LDL in coronary plaques was imaged ex vivo by NIRFA using ICG as a biomarker. The percent (%) incidence of LDL increased with plaque growth and decreased in the mature stage as in CFA study. The peak incidence of LDL with NIRFA was higher than that with CFA, probably because of the difference in visualization depth (i.e., 700 µm with NIRFA vs. 200 µm with CFA 42) . There was no significant difference in the incidence of LDL between NIRFA and immunohistochemical staining 42) . Cholesterol and cholesteryl esters exhibited a NIRF in the presence of -carotene. Their deposits were also imaged by NIRFA in human coronary plaques ex vivo 26) . 
Fluorescent Angioscopy in Patients with Coronary Heart Disease
In our in vivo study, selective injection of EB solution into the coronary artery revealed that not only the plaques but also apparently normal coronary segments frequently exhibited fluorescence, indicating the presence of ox-LDL 25) . Because NB is lipotropic, intravascular administration in patients was not performed. Instead, we used ICG to image LDL in patients. The in vivo incidence of LDL observed by NIRFA using ICG as a biomarker was similar to that in the ex vivo NIRFA study (Fig. 11 ) 42) . HDL was also visualized in patients by CFA using FG as a biomarker with a result similar to that in the ex vivo study 37, 38) . 46) . Kayo, et al. observed deposition of ox-LDL in NC but not in other portions of ruptured human coronary plaques that were obtained by endoatherectomy 47) . Fukuchi, et al. observed 8-isoprostaglandin F (2 alpha), a marker of ox-LDL in deep layer of physiologically thickened intima of excised human coronary artery, but did not examine this substance in plaques 48) . The relationship between the plasma levels of lipoproteins or apolipoproteins and coronary or carotid plaque morphology has been intensively studied [49] [50] [51] ; however, there is no published information on the localization of lipoproteins and apolipoproteins or their constituents in coronary or carotid plaques in patients. Thus, the findings presented here appear to be the sole systematic investigation of the imaging of lipoproteins and their components in human coronary plaques ex vivo and/ or in vivo.
Study Limitations
Fluorescent angioscopy has the following shortcomings: (1) Visualization by CFA is limited only to substances deposited within 200 µm of the vascular luminal surface and by NIRFA to substances deposited within 700 µm. (2) Because a lens is used, the pictures obtained by CFA and NIRFA are fish-eye images, and therefore, quantitative assessment of the target substance is difficult. Development of new techniques for quantitative measurement of the aforementioned substances is awaited. (3) At present, imaging by FA is limited to certain of the substances that comprise coronary plaques. By selecting adequate biomarkers, substances other than those described here may become visible.
Clinical Implications
Because the incidence of native lipoproteins and their components is different among them, the plaque morphology should be taken into consideration for effective molecular treatment of coronary atherosclerosis.
Conclusion
FA has greatly contributed to our understanding of coronary arterial diseases. Several of the molecules comprising atherosclerotic coronary plaques are now observable in vivo. In the near future, the individual molecules of coronary plaques will become observable with FA systems. Thus, FA may open the door for molecular or chemical imaging of atherosclerotic coronary plaques and accordingly evaluation of therapies targeting coronary plaques.
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